The aim of this study was to determine the effect of varying concentrations of acetylcholine on the vasoconstriction of the perfused mesenteric arteries of the rat caused by stimulation of their sympathetic postganglionic nerves. Perfusion was carried out with a peristaltic pump, and the constriction caused by stimulation was measured by the rise of pressure in the cannula tied in the artery. Two effects were found. At rates of stimulation between 2 and 8/sec, acetylcholine added to the perfusion fluid in very low concentrations (50 pg/ml) caused an increase in the vasoconstriction. An increase was also caused by adding a concentration of 2 ng/ml for 15 seconds. If, however, this or a greater concentration was added for a longer time, it had the opposite effect and the vasoconstriction was greatly reduced or blocked. This reduction or block was not due in the main to a reduction or block of the vasoconstrictor action of norepinephrine. Block of response to stimulation was also produced by guanethidine. The block produced by acetylcholine resembled the block produced by guanethidine in two respects. The block was removed by raising the calcium concentration, and it was also removed by adding rf-amphetamine to the perfusion fluid. The block produced by a given concentration of acetylcholine was abolished by a much higher concentration of atropine or hyoscine.
ADDITIONAL KEY WORDS autonomic control of mesenteric arteries cholinergic blockade of norepinephrine release d-amphetamine potentiation of perfusion pressure responses atropine calcium cocaine reversal of blockade • The block of sympathetic neurotransmission by acetylcholine was first observed by Briicke (1) in the pilomotor muscles of the cat's tail. Coon and Rothman (2) confirmed these findings, and Burn and Rand (3) observed a similar block of the response to sympathetic stimulation in the perfused vessels of the rabbit ear. However, the number of experiments carried out was small, and little attention has been paid to these results since they were published. The object of the present study has therefore been to make a much more complete examination of this observation, using the rat mesenteric artery preparation, and to find the effect of different concentrations of acetylcholine. If stimulation of sympathetic fibers first releases acetylcholine, and this in turn releases norepinephrine, as proposed by Burn and Rand (3) , then it should be possible, first, to find a very low concentration of infused acetylcholine which when added to the acetylcholine released by the nerve would increase the amount of norepinephrine released and therefore increase the vasoconstriction, and second, to find a higher concentration of infused acetylcholine, which would occupy all the receptors on which the acetylcholine released by the nerve acts, and therefore block them. Then the release of norepinephrine would be diminished or abolished. We have observed both effects of acetylcholine. The blocking action of acetylcholine is similar to that of guanethidine in that it is reversed by raising the calcium concentration and by adding d-amphetamine to the perfusing fluid.
Methods Female albino rats, weighing 250 to 300 g, were anesthetized with ether, and the abdomen was opened and the superior mesenteric artery isolated, cannulated, and removed together with its small resistance vessels as described by McGregor (4) . The vessels were then covered with gauze moistened with Tyrode's solution and placed on a depression in the upper plate of a small plexiglass box, through which water circulated constantly at the same temperature as that at which the blood vessels were being perfused.
The superior mesenteric artery with its periarterial nerves was separated from the surrounding tissue about 1 to 1.5 cm distal to the abdominal aorta. A Harvard peristaltic pump (Harvard Apparatus Co., Model 1210) was used to perfuse the cannulated superior mesenteric artery with Tyrode's solution at a constant flow of 25 ml/min. Tyrode's solution of the following composition in mM was used: NaCl, 136; KC1, 2.7; CaCI 2 , 1.8; MgCL, 1.1; NaHCO 3 , 12; NaHPO 4 , 0.42 and dextrose 5.6. This solution was aerated with 95% O 2 and 5% CO 2 ; its pH was 7.4. It was usually maintained at a temperature of 22°C. In a few experiments the temperature was 37°C as will be described. At low temperature (22°C) the response to stimulation remained uniform for a much longer time. The pressure in die perfusing cannula was recorded by a manometer using a frontal lever. Before the cannula was inserted into the superior mesenteric artery, when die pump was operating to produce a flow of 25 ml/min, the pressure was 60 mm Hg. When the vessels were being perfused at the same flow, the pressure was 85 mm Hg. Thus the average basal pressure during an experiment was 25 mm Hg. Since the mesenteric vessels were cut where they entered the intestine, this basal pressure was maintained by the resistance of the arterioles. As the pump maintained a constant flow (25 ml/min), increase in the perfusion pressure represented arteriolar narrowing and decrease in the perfusion pressure represented widening of the arterioles.
A bipolar platinum electrode was placed around the nerve on both sides of the artery about 5 mm distal to the cannula. The perivascular sympathetic nerves were stimulated for periods of 20 to 25 seconds at 4-minute intervals with a Grass stimulator (Grass Instrument Co., Model 3C) using bipolar rectangular pulses (20 v, 1 msec, at 7/sec).
Norepinephrine was injected directly into the cannula leading to the superior mesenteric artery; to obtain uniform responses, the injection was made by infusing norepinephrine for a period of 5 seconds with a Palmer pump (F-30).
In all experiments the perfusion pressure responses to both nerve stimulation and injected norepinephrine used were submaximal.
All other drugs were added to Tyrode's solution in a reservoir identical to that containing the control solution. The outlets of these reservoirs were connected to a Y-shaped tube, and the perfusing solutions were changed by clamping the tube from one reservoir and simultaneously opening that from the other. Changing the solutions in this manner did not produce any variations in the responses to either nerve stimulation or injected norepinephrine.
DRUGS
Acetylcholine chloride, atropine sulfate, and norepinephrine (as Z-noradrenaline bitartrate monohydrate) were obtained from K & K Laboratories, and papaverine hydrochloride from Merck & Co. Cocaine hydrochloride and hyoscine hydrobromide were generously donated by British Drug Houses (Toronto), guanethidine by CIBA (Dorval), and d-amphetamine sulfate by Smith, Kline and French (Montreal).
AH the drugs were dissolved just before use in small volumes, so that when 0.5 ml was added to 1 liter of Tyrode's solution, the required concentration for perfusion was obtained.
Results
The isolated, innervated preparation of rat mesenteric vessels was stable for periods of more than 4 hours. Acetycholine when present in the perfusion fluid in concentrations rang- Effect of acetylcholine (ACh) on the perfusion pressure responses of rat mesenteric arteries to sympathetic nerve stimulation. The mesenteric arteries were perfused with Tyrode's solution at a rate of 25 ml/min at 22°C. The perivascular nerves were stimulated using biphasic pulses (20 v, 1 msec, at 7'/sec) every 4 minutes for 20 seconds. After six control responses were recorded, the infusion of acetylcholine, SO pg/ml, increased the responses produced by sympathetic nerve stimulation. When the infusion of acetylcholine was stopped and replaced by normal Tyrode's solution, the responses were restored to their control levels.
ing from 5 pg/ml to 500 ng/ml failed to produce any change in the basal perfusion pressure. Papaverine, 1 ./i,g/ml, caused a marked fall in the basal pressure, while isoproterenol, 1 /u,g/ml, produced a very slight fall.
Vasoconstrictor Responses to Sympathetic Nerve Stimulation and Injected Norepinephrine-
The magnitude of the responses to nerve stimulation increased with an increase in the frequency of stimulation. At low frequencies (5 to 8/sec) the responses produced by repeated nerve stimulation were uniform for about 1 hour and then declined rapidly during the first 40 minutes, followed by a gradual decline thereafter. The responses to norepinephrine which was injected in a total dose varying from 3 to 5 fxg, the injection lasting 5 seconds at intervals of 4 minutes, did not show any appreciable decline during 6 hours.
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Effects of the Infusion of Acetylcholine on the Responses to Sympathetic Nerve Stimulation and to Injected Norepinephrine.-When acetylcholine was infused in the very low concentrations of 5 to 50 pg/ml, the vasoconstriction caused by nerve stimulation was often increased, while vasoconstriction of the same height caused by injected norepinephrine was unaffected. The effect of a concentration of 50 pg/ml is shown in Figure 1 , in which the responses to nerve stimulation during the infusion of acetylcholine, 50 pg/ml, increased steadily. Perfusion with acetylcholine-free Tyrode's solution restored the responses to their initial height.
The increase in the response to nerve stimulation by acetylcholine was also seen when it was infused for the short period of 15 seconds. Thus Figure 2 Potentiating action of acetylcholine (ACh) on the responses to sympathetic nerve stimulation. Recording as in Figure 1 . The infusion of acetylcholine, 2 ng/ml, for 15 seconds markedly increased the response to nerve stimulation. The increase in response was present for about 30 minutes.
was infused for 15 seconds. Such an increase was seen in six out of eight experiments. The increase was present for about 32 minutes.
However, when acetylcholine in a slightly higher concentration (5 ng/ml) was infused for a longer time (16 minutes) there was no increase, but a diminution in the response to stimulation ( Fig. 3 ). When acetylcholine was no longer present, the response to stimulation returned and for a time became greater than at first. Acetylcholine added in a slightly higher concentration for a longer time blocked the response to nerve stimulation in 115 experiments. It was more active in reducing vasoconstrictor responses to sympathetic nerve stimulation at 22°C than at 37°C.
Effect on the Responses to Injected Norepinephrine.-It was important to ascertain whether the changes in the vasoconstrictor responses to nerve stimulation caused by acetylcholine were due to changes in the response to the norepinephrine released by Blocking action of acetylcholine (ACh) on the responses to sympathetic nerve stimulation. Recording as in Figure 1 . After four control responses were recorded, the infusion of acetylcholine, 5 ng/ml, inhibited the responses to sympathetic nerve stimulation. On restoration of drug-free solution the responses were greater than the original control (pre-drug) levels.
nerve stimulation. The infusion of acetylcholine at a concentration of 50 pg/ml and at 2 ng/ml for 15 seconds did not affect the response to injected norepinephrine. To discover whether the blocking action of acetylcholine was due to a failure of the norepinephrine released to cause vasoconstriction, experiments were carried out in which responses to submaximal nerve stimulation and to submaximal amounts of injected norepinephrine were compared with those produced in the presence of acetylcholine. Care was taken to use a total dose of norepinephrine (3 to 5 /jig) which produced a vasoconstrictor response of the same magnitude as that elicited by nerve stimulation at 7/sec for 20 to 25 seconds.
The effect of different concentrations of acetylcholine on the response to both sympathetic nerve stimulation and injected norepi- nephrine is shown in Figure 4 . The infusion of small concentrations of acetylcholine (e.g., 5 ng/ml) somewhat reduced the response to injected norepinephrine but produced almost complete blockade of responses to sympathetic nerve stimulation. Higher concentrations of acetylcholine (500 ng/ml) could also not abolish the response to injected norepinephrine. When acetylcholine was infused in very high concentrations (such as 500 fig/ml) , it produced such a strong blockade of the response to sympathetic nerve stimulation that it was not possible to restore the response by the removal of acetylcholine from the perfusion fluid even if perfused with normal Tyrode's solution for up to 2 hours, although injected norepinephrine produced a normal response. The blockade of response to sympathetic nerve stimulation produced by acetyl-CircuUiion Research, Vol. XXV, July 1969 choline was not reversed by increasing the frequency, duration, or strength of the stimulus which normally in the absence of acetylcholine caused a marked increase of the response. The reduction of the response to injected norepinephrine produced by even large amounts of acetylcholine was abolished by increasing the concentration of injected norepinephrine during the infusion of acetylcholine. initial increase (in two out of five experiments) followed by gradual inhibition of the response to sympathetic nerve stimulation.
Effect of Guanethidine on the Response to Sympathetic Nerve Stimulation and to In-
Effect of Increasing the Calcium Concentration on the Blocking Actions of Guanethidine and Acetylcholine.-The effect of increased calcium concentration, [Ca 2+ ], was studied on the response to both sympathetic nerve stimulation and injected norepinephrine. When the [Ca 2 + ] of the perfusion fluid was raised to four times the normal value (i.e., to 7.2 mM, obtained by adding CaCl 2 in the perfusion fluid), the basal pressure remained unaltered and the responses to sympathetic nerve stimulation were greatly increased while those to injected norepinephrine were unaffected. This effect of Ca 2+ was observed in four experiments. Burn and Welsh (5) have recently shown that the block of sympathetic impulses produced by guanethidine in the isolated rabbit ileum was removed by raising the [Ca 2 + ] of the bathing fluid. This finding was confirmed in the mesenteric arteries of the rat (Fig. 5) .
Experiments were carried out to see if increased [Ca-+ ] would also reverse the block 105 I 100 Effect of increasing Ca 2+ concentration on the acetylcholine (ACh)-induced blockade. Recording as in Figure 1 . Responses to nerve stimulation were inhibited when acetylcholine, 5 ng/ml, was added to the perfusion fluid. However, when the [Ca 2+ ] in the perfusion fluid was raised to four times normal, the block produced by acetylcholine was immediately reversed, and the responses were greater than the control levels. of sympathetic impulses produced by the infusion of acetylcholine. Figure 6 shows that when the [Ca 2 + ] was raised to four times the normal value during the infusion of acetylcholine, 5 ng/ml, the block of the sympathetic responses caused by acetylcholine was immediately abolished; furthermore, the amplitude of the responses was increased above that of the initial responses. This effect of raising the [Ca 2 + ] was observed in six experiments and was also seen when the response to nerve stimulation was completely blocked by higher concentrations of acetylcholine (2.5/ig/ml).
Effect of A-Amphetamine on the Blocking Actions of Guanethidine and Acetylcholine.
-The effect of d-amphetamine on the response to both sympathetic nerve stimulation and injected norepinephrine was studied. The infusion of cZ-amphetamine, 0.2 /ng/ml, in mesenteric arteries of four rats consistently produced a slight increase in their response to injected norepinephrine, but it greatly increased their response to stimulation of the sympathetic fibers.
fZ-Amphetamine removes the block of sympathetic impulses produced by guanethidine in the rabbit ileum (6) . It does the same in the mesenteric arteries of the rat. cZ-Amphetamine in concentrations of 0.4 jug/ml only partially reversed the blockade to sympathetic nerve stimulation produced by guanethidine, 0.5 fig/ml . However, in five preparations perfused at 37°C lower concentrations (0. 1 fig/ml ) of cZ-amphetamine completely reversed the blockade produced by guanethidine.
A study was made to see if cZ-amphetamine could also reverse the blockade caused by infusions of acetylcholine. In eight experiments at 22°C, administration of 0.4 yu.g/ml of cZ-amphetamine diminished the blockade produced by 5 ng/ml of acetylcholine. When the infusions of acetylcholine and d-amphetamine were both stopped, the response to nerve stimulation increased above the initial re-Circulation Research, Vol. XXV. July 1969 sponses. These observations are illustrated in Figure 7 . In some experiments in which the temperature of the perfusion fluid was raised to 37°C, blockade could be reversed by much lower doses of cZ-amphetamine (0.1 /xg/ml). At 37°C cZ-amphetamine also reversed the complete blockade of responses produced by higher concentrations of acetylcholine (2.5
Effect of Atropine -Atropine was found to have some effect in preventing the blocking action of acetylcholine when the concentration of atropine was considerably greater than that of acetylcholine. For example, atropine, 0.1 /ng/ml, in six experiments completely abolished the blocking action of acetylcholine, 5 ng/ml; thus the abolition occurred when the atropine concentration was 20 times stronger than that of acetylcholine. However, atropine, 0.1 fig/ml , in five preparations reduced the blocking action of acetylcholine, 50 ng/ml, only by half, so that the abolition was much less when the atropine concentration was only twice as strong as that of acetylcholine. Atropine had no effect on the blocking action of guanethidine.
Action of Dimethylphenylpiperazinium.-
MALIK, LING
Dimethylphenylpiperazinium is a substance with reported nicotine-like actions. Bentley (7) , Wilson (8) , and Birmingham and Wilson (9) showed that it had a relatively strong blocking action on adrenergic neurones in the rabbit ileum like that of guanethidine and bretylium. When tested on 15 preparations of rat mesenteric arteries, it caused blockade of the response to sympathetic nerve stimulation in concentrations of 0.3 /ug/ml while the response to injected norepinephrine remained unaffected. This blockade like that caused by acetylcholine and guanethidine, was removed by raising the [Ca 2 + ] to four times (i.e., to 7.2 mM) in the perf usion fluid and also by adding d-amphetamine to the perfusion fluid. The block was unaffected by atropine. Action of Cocaine.-Since cocaine has been shown to increase the response to certain sympathomimetic amines presumably by impairing their uptake by adrenergic nerve terminals (10) , it was of interest to see whether it could reverse the blockade produced by acetylcholine and guanethidine.
When cocaine, 0.1 /i,g/ml, was added to the perfusing fluid, the responses to sympathetic nerve stimulation and injected norepinephrine were both potentiated (six experiments).
In six additional preparations, cocaine, 0.1 /ig/ml, caused a slight transient potentiation of responses which were partially inhibited by 5 ng/ml of acetylcholine or by 0.15 /Ag/ml of guanethidine, but it failed to antagonize the blockade produced by either of these compounds.
The complete blockade of responses to nerve stimulation produced by higher concentrations of acetylcholine, 2.5 ^ig/ml, or guanethidine, 0.5 /u,g/ml, remained completely unaffected by cocaine.
Discussion
These experiments have led to a new observation. Rat mesenteric arteries have been perfused and the sympathetic fibers have been stimulated causing vasoconstriction. These fibers are postganglionic because they are not affected by ganglionic blockers (4, 11, 12) , and they are adrenergic because they are blocked by guanethidine, bretylium, and by treatment of the rats with reserpine (4) . When acetylcholine in the very low concentration of 50 pg/ml was added to the perfusion fluid for 30 minutes, there was a steady increase in the size of the vasoconstrictor response to stimulation. The addition of acetylcholine had no effect of its own, and it had no effect on the vasoconstrictor response to injected norepinephrine. The increase in the response to stimulation disappeared when the infusion of acetylcholine was stopped. These results were obtained at 22°C. Preliminary observations have indicated that cholinesterase has a lower activity at this temperature than at 37°C.
A much larger increase in the response to stimulation was obtained by infusing acetylcholine in a higher concentration of 2 ng/ml, but doing so for 15 seconds only. In some of the experiments the vasoconstrictor response was then doubled. The effect subsided in the course of about 30 minutes.
When higher concentrations of acetylcholine, such as 5 ng/ml, were infused for longer periods than 15 seconds (i.e., up to 20 minutes), the effect of acetylcholine was quite different. There was no increase in the response to nerve stimulation, but a great decrease in, or even an abolition of the response, which persisted until the infusion of acetylcholine was stopped.
These paradoxical effects of increase of response to stimulation, on the one hand, and abolition of response to stimulation, on the other, both produced in adrenergic fibers by acetylcholine, can be explained by the hypothesis of Burn and Rand (3) that when adrenergic nerves are stimulated, acetylcholine is first released and then acts on receptors to release norepinephrine. The increase in response to stimulation caused by the lowest amounts of acetylcholine may be the result of adding acetylcholine to the amounts released by the stimulated nerves so as to increase the number of receptors stimulated. The decrease or abolition of response to stimulation by infusion of large amounts of acetylcholine for a longer time may be the result of occupying all the receptors with the infused acetylcho-Circulation Research, Vol. XXV, July 1969
SYMPATHETIC AUGMENTATION AND BLOCKADE BY ACETYLCHOLINE
line so that none remain free to be acted on by the acetylcholine released from the nerves.
A significant finding also was that acetylcholine when infused for a sufficient period reduced the response to stimulation greatly, but increasing the [Ca 2+ ] in the perfusion fluid caused the reduced response to return to its original size and indeed to go far beyond it. This effect of calcium may be very similar to that described in the adrenal medulla by Douglas and Rubin (13) where the amount of catecholamines released by a given injection of acetylcholine into the fluid perfusing the gland is increased by a rise in the [Ca 2+ ].
A parallelism was observed between the blockade produced by the larger amounts of acetylcholine acting for a longer time and the blockade produced by guanethidine. The blockade produced by guanethidine was also diminished by raising the [Ca 2+ ]. Moreover the blockade produced by both substances was diminished by adding d-amphetamine to the perfusing fluid. However there was a difference, in that the blockade produced by acetylcholine could be removed by certain concentrations of atropine, whereas that produced by guanethidine could not. When the concentration of acetylcholine was 5 ng/ml, the concentration of atropine required to cancel its blocking effect was 20 times greater. This concentration of atropine had much less effect on a concentration of acetylcholine equal to 50 ng/ml. Since, however, there is some blockade of the action of acetylcholine by atropine, it may be said that some of the receptors on which acetylcholine acts are muscarinic. But the nicotinic substance dimethylphenylpiperazinium also caused blockade of the response to nerve stimulation in a concentration of 0.3 yu,g/ml, so that there must be nicotinic receptors present as well. It is known from the work of Ambache et al. (14) that ganglia have both muscarinic and nicotinic receptors, and therefore the receptors for acetylcholine at the adrenergic nerve ending may also be partly muscarinic and partly nicotinic.
